Objectives-The purpose of this study was to evaluate the effects of progressive hypoventilation on echocardiographic measures of the left ventricular (LV) appearance in a porcine model. ). Respiratory resuscitation was initiated if the MAP decreased to 50% of the baseline level or at the end of the third intervention. Transthoracic sonography and invasive measurements were obtained throughout. The primary end point was the LV enddiastolic eccentricity index, a measure of LV D-shaping.
T he correct treatment for respiratory distress varies substantially depending on the underlying cause. 1 In emergency medicine and critical care, in which time is limited and patient mobility is restricted, diagnosis of the specific causes may be challenging. These challenges have been alleviated by the introduction of point-of-care sonography. 2 Point-of-care sonography has been widely adopted in emergency settings, as it relies on simple grayscale imaging, requires little time, 3 and provides dichotomous answers to the presence or absence of causal disorders. Causal disorders elucidated and differentiated by point-of-care sonography include obstructive lung disease, pneumonia, pneumothorax, heart failure, and pulmonary embolism. [4] [5] [6] [7] [8] [9] In point-of-care sonography, pulmonary embolism is characterized by dilatation of the right ventricle (RV) and D-shaping of the left ventricle (LV) in the parasternal short-axis view. 10 If there are signs of hemodynamic compromise, these characteristics may signify massive pulmonary embolism, 11, 12 calling for immediate attention. Therefore, the specificity of RV dilatation and LV D-shaping is of crucial importance, as a false-positive diagnosis may lead to initiation of potent anticoagulation therapy and the risk of severe hemorrhage. 13 The specificity of acute LV D-shaping has recently been challenged, showing that the LV eccentricity index, a sonographic index of D-shaping, 14 has an abrupt but transient increase with acute asphyxia. 15 However, acute asphyxia is rare in clinical practice, and decompensation of respiratory distress most often manifests itself as progressive hypoventilation. Progressive hypoventilation allows for circulatory compensatory mechanisms, which may influence LV filling and yield a different sonographic appearance.
Therefore, we aimed at evaluating the LV sonographic appearance of progressive hypoventilation in a porcine model. We hypothesized that progressive hypoventilation would lead to gradual D-shaping of the LV.
Materials and Methods

Study Design
The Danish Inspectorate of Animal Experimentation approved the study (authorization number 2013-15-2934-00765). Ten female Danish Landrace piglets (median weight, 21.1 kg [interquartile range, 20.3-21.9 kg]). were included in the experimental group, and 5 piglets served as controls. Before this study, the piglets had participated in another unrelated research study including infusion of dobutamine and instalment of pleural effusion (evacuated) to reduce the number of animals used in research.
Animal Handling
The animals were anesthetized as previously described by Sørensen et al. 15 Briefly, piglets were premedicated with midazolam (0.5 mg/kg) and S-ketamine (0.25 mg/ kg) given intramuscularly and intubated after intravenous administration of pentobarbital (10 mg/kg). Anesthesia was maintained with propofol (10-15 mg/kg/h) and fentanyl (10 lg/kg/h). A total of 4 vascular sheaths were inserted under sonographic guidance, 1 in each jugular vein and 1 in each carotid artery. A pulmonary artery catheter (Edwards Lifescience, Irvine, CA) was placed via the right jugular vein for measuring pulmonary pressure, and the sheath in the right carotid artery was coupled to a pressure transducer for systemic pressure readings. Two solid-state pressure catheters (Ventric Cath 510; Millar Instruments, Houston, TX) were inserted through the left-sided sheaths and placed into the RV and LV, enabling intraventricular pressure measurements throughout the cardiac cycle. Before instrumentation, heparin (175 IU/kg) and amiodarone (1 mg/kg) were administered to prevent blood clotting and dysrhythmias.
Study Protocol
The piglets stabilized for 10 minutes before baseline readings. During this period, the tidal volume was set at 240 mL; the positive end-expiratory pressure was 3 to 4 cm H 2 O; the inspiratory oxygen fraction was kept at 21%; and the respiratory frequency was maintained at 16 minutes
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. Rocuronium (1 mg/kg) was administered intravenously to prevent spontaneous respiration during interventions.
Subsequently, the experimental group (n 5 10) underwent 3 successive 10-minute interventions of hypoventilation before respiratory resuscitation was initiated. In the first intervention, the respiratory frequency was reduced to 8 minutes
, and in the second intervention, the respiratory frequency was further reduced to 4 minutes
. For technical reasons, the respiratory frequency could not be reduced further; hence, in the third intervention, the respiratory frequency was kept at 4 minutes
, and the tidal volume was reduced to 120 mL. All other ventilator settings remained unchanged. During respiratory resuscitation, the respiratory frequency was increased to 16 minutes
; the inspiratory oxygen fraction was raised to 100%; and the tidal volume was reset at 240 mL. To prevent irreversible circulatory collapse, respiratory resuscitation was initiated before the end of the third hypoventilation intervention if the individual piglet's mean arterial pressure (MAP) dropped to 50% of the baseline level. Control piglets (n 5 5) were only subjected to the effects of time after instrumentation. All piglets were euthanized with pentobarbital. 2 ], and pH) were obtained at baseline and 3, 6, and 9 minutes after initiation of each intervention of hypoventilation. During respiratory resuscitation, sonography was performed every minute, whereas blood samples were drawn every second minute for logistical reasons. The MAP, central venous pressure (CVP), mean pulmonary arterial pressure (mPAP), and intraventricular pressures of both the RV and LV were collected continuously with either S5 Collect software (Datex-Ohmeda, Helsinki, Finland; MAP, CVP, and mPAP or Lab Chart software (AD Instruments, Dunedin, New Zealand). For technical reasons, volume measurements were not provided from the solid-state catheters. Sonography was performed with a Vivid E9 machine (GE Healthcare, Horten, Norway) and an M4S cardiac transducer. Transthoracic short-axis cine loops were stored for offline analyses. After the baseline storage, all following cine loops were obtained by the splitscreen function to ensure anatomic coherence with the baseline image, thus minimizing random variation.
Measurements
Data Analysis
Echopac software (GE Healthcare) was used for offline analyses. The LV end-diastolic and end-systolic areas were traced manually, corresponding to the electrocardiographic R and T waves, respectively. The LV area change was calculated as (LV end-diastolic area -LV end-systolic area)/LV end-diastolic area and expressed as a percentage. Two inner diameters of the LV, perpendicular and parallel to the interventricular septum, were calipered at end diastole for derivation of the LV eccentricity index at both end diastole and end systole as previously explained in detail. 15 All sonographic analyses were performed by a single observer and repeated by a second observer for calculation of interobserver variation. A total of 25% of all analyses, randomly assigned by an online randomizer (www.randomization.com), were repeated by the first observer to assess intraobserver variation. Both observers were blinded to piglet identity, group allocation, and time point.
End Points
The primary end point was the LV end-diastolic eccentricity index. Secondary end points relating to sonography were the end-systolic eccentricity index, LV enddiastolic area, LV end-systolic area, and LV fractional area change. Additional secondary end points consisted of the MAP, CVP, mPAP, end-diastolic pressures of the LV and RV, heart rate, and values obtained from arterial blood samples (pO 2 , pCO 2 , and pH).
Statistical Analyses
We predefined an increase in the LV end-diastolic eccentricity index (primary end point) from 1.0 to 1.3 to be the minimal increase of clinical relevance. Given this effect and standard deviations extracted from previously published data 15 of 0.2 and 0.3, respectively, a nonparametric power analysis based on a before-after situation showed a need for 9 piglets (a 5 .05; power 5 0.8). To compensate for unforeseen sources of variation, we decided to include 10 piglets in the intervention group.
Nonparametric analyses were used throughout, as data were not normally distributed. Pair-wise comparisons were performed with the Wilcoxon signed rank test. The Skilling-Mack test was used for testing repeated measurements spanning over more than 2 time points. The interobserver variation for sonographic end points was quantified as suggested by Bland and Altman. 16 Two-sided analyses were used for all calculations, and P < .05 was considered significant. All analyses were performed in Stata software (StataCorp LP, College Station, TX). Data are presented as median (interquartile range).
Results
Between 3 and 6 minutes after the third intervention of hypoventilation, 5 of 10 piglets in the intervention group met the predefined criteria for respiratory resuscitation. Therefore, the 3-minute time point after the final intervention when data were available on all piglets was chosen as the last data point during hypoventilation intervention.
The LV end-diastolic eccentricity index increased from 1.1 (1.0-1.1) at baseline to 1.4 (1.3-1.4) 3 minutes after the third intervention (respiratory frequency, 4 minutes
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; tidal volume, 120 mL; P < .001). Two minutes after respiratory resuscitation, the LV enddiastolic eccentricity index had returned to baseline values (1.1 [1.1-1.2]; P 5 .093) and stayed at this level for the remainder of the study (P 5 .348 for no change). A representative scan series is shown in Figure 1 . The LV end-systolic eccentricity index was not significantly affected by hypoventilation (P 5 .292).
The LV end-diastolic area decreased successively from a baseline level of 11.4 cm 2 (10.1-13.9 cm 2 ) to 6.8 cm 2 (5.3-7.9 cm 2 ) 3 minutes after the third intervention (P < .001). Three minutes after resuscitation, the LV end-diastolic area had increased to 10.4 cm 2 (9.1-11.0 cm 2 ) and remained at this level (P 5 .190 ). The LV end-diastolic area did not return to the baseline level (P < .001).
The LV fractional area change stayed at the baseline value of 45% (40%-47%) until 9 minutes after the second intervention (respiratory frequency, 4 minutes
; tidal volume, 240 mL; P 5 .109). When the tidal volume was set at 120 mL, the LV fractional area change decreased to 33% (27%-42%; P 5 .044). The LV fractional area change increased after resuscitation to 53% (42%-61%; P 5 .010) and remained at this level (P 5 .179). See Figure 2 for further details on sonographic measures.
The MAP declined from baseline (87 mm Hg [81-92 mm Hg]) to a nadir of 50 mm Hg (33-66 mm Hg) 3 minutes after initiation of the third intervention (P < .001). Three minutes after resuscitation, the MAP rose to 102 mm Hg (67-121 mm Hg; P 5 .001) and thereafter decreased over time to an end level of 74 mm Hg (65-93 mm Hg; P < .001).
The mPAP was 20 mm Hg (15-21 mm Hg) at baseline, increased with hypoventilation, and peaked at 39 mm Hg (38-40 mm Hg) 3 minutes after the second intervention (P < .001). During the remainder of the second and third interventions, the mPAP decreased to 20 mm Hg (16-25 mm Hg; P < .001). A second increase followed respiratory resuscitation, with the maximum mPAP obtained after 2 minutes; thereafter, the value reached the baseline level at the 10-minute postresuscitation point (P 5 .501).
The CVP was 7 mm Hg (4-11 mm Hg) at baseline and remained constant during the first hypoventilation intervention (P 5 .118). The CVP increased during the second and third interventions to a plateau of approximately 11 mm Hg (P 5 .020 for no increase). With respiratory resuscitation, the CVP returned to the baseline level and remained at this level (P 5 .437). Figure 3 shows details on invasive pressures and heart rate. The LV trans-septal pressure difference is shown in Figure 2A . End points obtained from arterial blood gasses are shown in Figure 4 . No changes were observed in the 5 control piglets with regard to all end points ( Table 1) .
The mean interobserver variation was -0.6% (95% confidence interval, -2.0%, 0.7%; 95% limits of agreement, -18.3%, 19.3%). The intraobserver variation was -3.0% (95% confidence interval, -4.2%, 1.9%; 95% limits of agreement, -19.9%, 13.8%).
Discussion
In this study, we demonstrated that progressive hypoventilation caused a significant, but fully reversible increase in the LV end-diastolic eccentricity index, coinciding with a rapid decrease in the MAP. Hence, a combination of LV D-shaping and hemodynamic compromise was seen without occlusion of the pulmonary vascular tree.
Acute asphyxia has recently been demonstrated to cause LV D-shaping. However, this effect was short lived, and the morphologic normalization was attributed to reflex compensatory mechanisms, including catecholamine release and consequent systemic vasoconstriction. In this study, hypoventilation was induced gradually with sufficient time for a neurohumeral response. Despite this approach, we observed a linear decrease in the MAP and a steady increase in the LV end-diastolic eccentricity index. The initiation of the first hypoventilation intervention was followed by acute changes in the pO 2 and pCO 2 ( Figure 4B ). Hypoxic and hypercapnic pulmonary vasoconstriction likely caused the coinciding increase in the pulmonary artery pressure ( Figure 3B ) and following decrease in LV filling ( Figure 2B ). The RV end-diastolic pressure rose in combination with a drop in the LV filling pressure. The net effect was a reduction in the interventricular transmural pressure, a flattening of the interventricular septum, and an increase in the LV end-diastolic eccentricity index.
Shortly after the start of the second intervention, the mPAP peaked and subsequently decreased. This decrease took place despite increasing hypoxia, generating a stimulus for pulmonary vasoconstriction. The CVP increased concomitantly as a sign of RV backward failure. Seen together, we believe these pressure developments marked the beginning of hypoxic RV failure. The resulting increase in RV end-diastolic pressure furthered the pressure difference across the interventricular septum. Hence, the interventricular septum flattened more, creating a more D-shaped LV and an increase in the LV end-diastolic eccentricity index. The latter reached a clinically relevant median level of 1.4 (1.3-1.4; Figure 2 ) immediately before resuscitation.
This study confirms that the LV end-diastolic eccentricity index, as a surrogate measure of septal curvature, is a simple result of the interventricular transmural pressure 17 during myocardial relaxation. Changes in the transmural pressure were mirrored by changes in the LV end-diastolic eccentricity index (Figure 2A ). This process is facilitated by the stiff and unyielding pericardium, ensuring a constant end-diastolic volume of the heart as a whole, regardless of acute pressure changes. Hence, an acute pressure increase in the RV may cause dilatation of the RV, but at the expense of LV volume. It therefore follows that the interventricular septal configuration may be affected by pressure changes in either ventricle, regardless of the cause. Likewise, isolated analyses of single ventricular pressure developments are not meaningful without assessing the other ventricle as well.
A post hoc analysis showed that the systolic transseptal pressure decreased from 67 mm Hg (60-71 mm Hg) at baseline to 28 mm Hg (13-52 mm Hg) 3 minutes after the third intervention. Despite this marked decrease, no effect was seen on the interventricular septal configuration and LV end-systolic eccentricity index. This finding illustrates that the contraction of the interventricular septum makes it relatively resistant to transseptal pressure changes. A normal systolic configuration of the septum is essential for RV function, 18 and the witnessed configurational resistance during ventricular systole helps maintain RV function despite pressure changes.
To our knowledge, no other studies have addressed the effects of progressive hypoventilation on echocardiographic end points. Several groups have exposed healthy volunteers to decreased inspiratory oxygen fractions, resulting in isolated hypoxia but without hypercapnia. [19] [20] [21] The RV systolic pressure increased markedly, but the effects on the interventricular septal configuration were not reported. In addition, results on the RV end-diastolic size differed substantially. Oliver et al 21 found no change in the RV end-diastolic volume when volunteers breathed 8% to 12% oxygen, whereas Netzer et al 19 recently reported a significant increase in RV end- diastolic area from a mean 6 SD of 19 6 2.4 cm 2 at baseline to 37 6 4.1 cm 2 after 150 minutes of breathing 11% oxygen.
The clinical potential of our results is obvious. Current guidelines from the European Society of Cardiology 20 recommend immediate reperfusion treatment in settings of concurrent hemodynamic instability and sonographic signs of RV overload in patients with suspected pulmonary embolism. In support of this recommendation, studies have found that 2-dimensional sonographic indices, including RV dilatation, the McConnell sign, 23 and septal paradoxical motion, are highly specific for pulmonary embolism in patients with a high likelihood of PE. 24 Our study shows that isolated hypoventilation may cause both severe hemodynamic decompensation and signs of RV overload. If transferrable to humans, this finding questions the use of sonographic signs of RV overload as a specific rule in diagnosis of pulmonary embolism in this time-critical setting. As the LV end-diastolic eccentricity index normalized within minutes after respiratory resuscitation, repeated sonography after a few minutes of oxygenation may serve as a differential diagnostic tool. All reperfusion strategies, medical or surgical, take time to organize, and repeated sonography immediately before initiation of reperfusion therapy showing right-side normalization would prevent wrong and potentially harmful therapyprimum non nocere.
Limitations
Right ventricular dilatation impedes sonographic visualization of the free wall in piglets. Therefore, dimensions and measures of longitudinal function of the RV could not be quantified. These measures supplement the LV eccentricity index for evaluation of interventricular interactions in both point-of-care sonography and advanced echocardiography. In addition, the piglets had already participated in another study including installation and 
Future Directions
A porcine study with an experimental setup is not representative of clinical manifestations. To close this gap, an experimental or observational follow-up study in humans, both with and without preexisting cardiopulmonary disease, is warranted.
Conclusions
Progressive hypoventilation led to an acute increase in pulmonary pressure and a prominent decrease in systemic arterial pressure in a porcine model. A concomitant and marked D-configuration of the LV was seen at end diastole, corresponding to an increase in the LV end-diastolic eccentricity index. These sonographic findings were explainable by the pressure changes observed within the LV and RV.
